Energy Efficient Data Forwarding in Disconnected Networks Using Cooperative UAVs by Almasoud, Abdullah M. et al.
Electrical and Computer Engineering 
Conference Papers, Posters and Presentations Electrical and Computer Engineering 
2-21-2019 
Energy Efficient Data Forwarding in Disconnected Networks Using 
Cooperative UAVs 
Abdullah M. Almasoud 
Iowa State University 
Mohamed Y. Selim 
Iowa State University, myoussef@iastate.edu 
Abdullah Alqasir 
Iowa State University 
Tanzilah Shabnam 
Iowa State University 
Ala'eddin Masadeh 
Iowa State University 
See next page for additional authors 
Follow this and additional works at: https://lib.dr.iastate.edu/ece_conf 
 Part of the Systems and Communications Commons 
Recommended Citation 
Almasoud, Abdullah M.; Selim, Mohamed Y.; Alqasir, Abdullah; Shabnam, Tanzilah; Masadeh, Ala'eddin; 
and Kamal, Ahmed, "Energy Efficient Data Forwarding in Disconnected Networks Using Cooperative UAVs" 
(2019). Electrical and Computer Engineering Conference Papers, Posters and Presentations. 97. 
https://lib.dr.iastate.edu/ece_conf/97 
This Conference Proceeding is brought to you for free and open access by the Electrical and Computer Engineering 
at Iowa State University Digital Repository. It has been accepted for inclusion in Electrical and Computer 
Engineering Conference Papers, Posters and Presentations by an authorized administrator of Iowa State University 
Digital Repository. For more information, please contact digirep@iastate.edu. 
Energy Efficient Data Forwarding in Disconnected Networks Using Cooperative 
UAVs 
Abstract 
Data forwarding from a source to a sink node when they are not within the communication range is a 
challenging problem in wireless networking. With the increasing demand of wireless networks, several 
applications have emerged where a group of users are disconnected from their targeted destinations. 
Therefore, we consider in this paper a multi-Unmanned Aerial Vehicles (UAVs) system to convey collected 
data from isolated fields to the base station. In each field, a group of sensors or Internet of Things 
devices are distributed and send their data to one UAV. The UAVs collaborate in forwarding the collected 
data to the base station in order to maximize the minimum battery level for all UAVs by the end of the 
service time. Hence, a group of UAVs can meet at a waypoint along their path to the base station such 
that one UAV collects the data from all other UAVs and moves forward to another meeting point or the 
base station. All other UAVs that relayed their messages return back to their initial locations. All collected 
data from all fields reach to the base station within a certain maximum time to guarantee a certain quality 
of service. We formulate the problem as a Mixed Integer Nonlinear Program (MINLP), then we 
reformulated the problem as Mixed Integer Linear Program (MILP) after we linearize the mathematical 
model. Simulations results show the advantages of adopting the proposed model in using the UAVs' 
energy more efficiently. 
Keywords 
Cooperative UAV, energy efficiency, data ferrying, disconnected networks. 
Disciplines 
Systems and Communications 
Comments 
This is a manuscript of a proceeding published as Almasoud, Abdullah M., Mohamed Y. Selim, Abdullah 
Alqasir, Tanzilah Shabnam, Alaeddin Masadeh, and Ahmed E. Kamal. "Energy efficient data forwarding in 
disconnected networks using cooperative UAVs." In 2018 IEEE Global Communications Conference 
(GLOBECOM). DOI: 10.1109/GLOCOM.2018.8647594. Posted with permission. 
Authors 
Abdullah M. Almasoud, Mohamed Y. Selim, Abdullah Alqasir, Tanzilah Shabnam, Ala'eddin Masadeh, and 
Ahmed Kamal 
This conference proceeding is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/
ece_conf/97 
Energy Efficient Data Forwarding in Disconnected
Networks using Cooperative UAVs
Abdullah M. Almasoud, Mohamed Y. Selim, Abdullah Alqasir, Tanzilah Shabnam, Alaeddin Masadeh, and Ahmed
E. Kamal,
Department of Electrical and Computer Engineering, Iowa State University, Ames, IA 50011, USA,
E-mails: {almasoud, myoussef, aalqasir, tshabnam, amasadeh, kamal}@iastate.edu.
Abstract— Data forwarding from a source to a sink node when
they are not within the communication range is a challenging
problem in wireless networking. With the increasing demand of
wireless networks, several applications have emerged where a
group of users are disconnected from their targeted destinations.
Therefore, we consider in this paper a multi-Unmanned Aerial
Vehicles (UAVs) system to convey collected data from isolated
fields to the base station. In each field, a group of sensors or
Internet of Things devices are distributed and send their data to
one UAV. The UAVs collaborate in forwarding the collected data
to the base station in order to maximize the minimum battery
level for all UAVs by the end of the service time. Hence, a group
of UAVs can meet at a waypoint along their path to the base
station such that one UAV collects the data from all other UAVs
and moves forward to another meeting point or the base station.
All other UAVs that relayed their messages return back to their
initial locations. All collected data from all fields reach to the base
station within a certain maximum time to guarantee a certain
quality of service. We formulate the problem as a Mixed Integer
Nonlinear Program (MINLP), then we reformulated the problem
as Mixed Integer Linear Program (MILP) after we linearize the
mathematical model. Simulations results show the advantages of
adopting the proposed model in using the UAVs’ energy more
efficiently.
Index Terms—Cooperative UAV, energy efficiency, data ferrying,
disconnected networks.
I. INTRODUCTION
Wireless sensor networks (WSNs) are deployed for vari-
ous applications like forest monitoring, border protection and
battlefield surveillance. It is observed that in all such appli-
cations, the sensor networks are in remote areas and usually
very far from base stations (BSs). Hence, data collection and
dissemination is an issue that needs to be considered in such
cases. Recently, the use of unmanned aerial vehicle (UAV)
for relaying data or for message ferrying has gained much
importance. Several works have investigated techniques on the
use of UAV as data mules. However, given the limited flying
autonomy of the battery-powered UAVs, the joint trajectory
design and power/energy control on multiple UAVs to facilitate
the objective of data mulling have not been well studied.
In [1], the authors have proposed a method to federate
disconnected WSN segments by deploying a single UAV for
message ferrying. A special node, the cluster head (CH),
is assigned to interact with the UAV, and to store packets
whose destination is in a different segment. Periodically, the
UAV accomplishes a relay round. In each round, the CHs are
visited, and the collected messages from source CH is routed
to destination segment CH. In this work, the authors also
claim that their approach provides an alternative to mitigate
disconnections and hence extend lifetime of delay tolerant
applications. In [2], authors have adopted a similar method
as [1] and delineates on connecting disjoint segments with
unbalanced traffic flow. However, in both cases authors did not
consider energy optimization of the UAV that is responsible
for connecting the disconnected WSNs. In [3], the authors
consider path planning for multiple UAVs, they aim to find
optimal paths that maximize the number of nodes visited within
each designated packet deadline. A distributed path planning
algorithm has been proposed. In addition, to reduce the entire
travel time per UAV, a task division mechanism has been
considered that collaboratively distributes unvisited grid points
with other UAVs in the whole system. [4] and [5] focus on path
planning and overall minimization of mission completion time
for the fleet of UAVs. In [6], authors proposes a novel data
collection technique using UAVs by considering the cluster
load balancing. The main objective is to minimize the data
collection time given UAV connection constraint. In most of
works associated with UAV and WSN, the waypoints for UAV
are restricted to be straight above the CH or sensor itself for
data collection. In [7], the authors give the UAV the freedom
to select its waypoints freely, while in [8], waypoints selection
depends on the best representative node in a cluster given that
their energy consumption is minimized.
In [9], the authors show how a game theoretic approach can
be used to ensure fair maximization of energy in UAV aided
communication. Efficient communication between sensors and
BS using UAV has been discussed in [10]. This can be consid-
ered as a communication scenario when radio paths between
remote sensors and BS is obstructed, where UAVs can establish
a two-hop wireless relaying transmission link. In such case
the energy consumption of the UAVs needs to be balanced.
In [11], the authors consider a data mulling model, where a
fleet of UAVs starting from different BSs collect data from
ground sensors, and then deliver this data to their closest BSs.
In [12][12], UAV is used as an amplify-and-forward relay. The
outage probability of relay network is considered to optimize
the trajectory of the UAV, and the transmission power of the
UAV and mobile device. In [13], the mule (UAV) as well as
the sensors are mobile. Rather than attempting to reduce the
data collection time, authors try to minimize number of mules
needed to collect data from all the sensors, given a pre-specified
deadline for the data collection process to reach completion.
In our work, we focus on data collection from various
disjoint remote WSN. The goal is to minimize the number of
UAVs used to forward collected data from various remote WSN
locations to forward it to a BS. However, the main consideration
is to maximize the minimum battery level of all the UAVs
in the whole system. The rest of the paper is organized as
follows. In Section II, we introduce the system model. Then,
we formulate the problem mathematically in Section III and
describe the linearization of the problem in Section IV. Finally,
we discuss the simlation results in Section V and conclude our
paper in Section VI.
II. SYSTEM MODEL
We consider a set of UAVs, K, that relay data messages from
several fields. These fields are disconnected and far away from
a sink base station, b. Each UAV k, Uk ∈ K, is associated with
a field and located initially in location k̂. Moreover, each UAV
collects data from its associated field and construct a message
of size M . Then, the UAV can convey this message directly to
the base station, b, or it can collaborate with another UAV to
convey that message. Accordingly, when Ua collaborates with
Ub, then Ua meets Ub at a certain location and during a certain
time in order to relay its message to Ub. We define a set of
predefined meeting locations where the UAVs consider them
as waypoints to meet and relay their messages. The set of all
these waypoints and the initial locations of the UAV is L. The
distance between location i and location j, where i and j ∈ L,
is Dij .
We consider a time slotted system, where the duration of
each slot is F seconds, and the set of all time slots indices is
T . All UAVs that meet at a certain location j ∈ L during slot
t need to be at that location T tx seconds before the end of the
time slot duration. The reason is that the UAVs need a duration
of T tx to transmit their messages to a relay UAV. Therefore,
all transmitting UAVs that meet a receiving UAV (i.e. a relay
UAV) share a duration of T tx for data transmissions. When a
UAV moves from a location to another during a certain time
slot without meeting another UAV, then it uses the whole time
slot duration, F , for flying since it does not require a sub-slot
of T tx seconds for data transmission or reception.
The receiving UAV collects messages form the UAVs at the
meeting location and proceeds to another meeting point to send
the messages to another UAV or it can goes directly to the base
station to convey the messages. After the UAV send its carried
message to another UAV or to the base station, it returns to its
initial location. To ensure a certain quality of service, all UAVs
need to convey all messages from all fields to the base station
within a certain tolerable time, which is T delay.
Fig. 1 shows a scenario for 4 cooperative UAVs that relay 4
large data messages from 4 areas covered by Internet of Things
(IoT) devices. Initially, each drone is located at its associated
IoT area, then it collects data from IoT devices and moves
toward a meeting point or the sink node. It is shown that Drone
















Fig. 1 : Data forwarding using cooperative UAVs in disconnected IoT networks.
Drone 2, then it goes back to its initial location. Similarly,
Drone 2 meets Drone 3 at another waypoint then goes back to
its initial location. Moreover, Drone 3 relays its messages and
the messages of Drone 1 and Drone 2 to the sink node. Note
that IoT Area 4 is close to the sink node, and hence, it goes
directly to the sink node and forwards its message. The goal of
this cooperation is to extend the lifetimes of these cooperative
UAVs by maximizing their minimum battery level by the end
of the service time.
We assume that each two UAVs at a meeting point are
separated by a maximum distance of d meters. Accordingly,
the lower bound on the data rate of a transmitting UAV to a
receiving UAV at a meeting point when the maximum distance








where W is the channel bandwidth, P is the transmission
power, β0 it the channel power gain at a reference distance
of one meter, α is the path loss and N0 is the noise spectral
density.
Let Bk be the battery level of Uk after it delivers its message
to another UAV or to the base station and goes beck to its initial






Ek(t), ∀ k ∈ K. (2)
where B0k is the initial battery level for Uk, and Ek(t) is the
energy consumed by Uk during slot t. Let Phov and Phar be
the hover and hardware power used by Uk during slot t, which











where mtot is the UAV mass in Kg, g is the earth gravity
in m/s2, u is the UAV propeller radius, l is the number
of propellers, ρ is the earth density in Kg/m3, Vmax is the
maximum speed of the UAV and vk(t) is the speed of Uk
during slot t and Pmax and Pidel are the hardware power
consumptions when the speed of the UAV is Vmax and when
it is idle, respectively. Energy consumed by the UAV for data
transmission is relatively small in general compared with the
energy consumed by the UAV hardware in idle and hovering
mode. Therefore, we neglect in this paper total energy con-
sumption for communications. Accordingly, the total energy
consumption for Uk during slot t is given by
Ek(t) = Phov T
tx Qk(t) + P khar(t)
[
F −Qk(t) T tx
]
. (5)
where Qk(t) is a binary variable, which equals one only when
Uk transmits or receives data during slot t.
III. PROBLEM FORMULATION
Let Xkij(t) be a binary variable equal 1 only when Uk flies
from location i to location j during slot t toward a meeting
point or the base station. Moreover, let Y kij(t) be a binary
variable equal 1 only when Uk flies from location i to location
j during slot t toward its initial location after dispatching its
message to another UAV or to the base station. We assume that










Y kij(t) ≤ 1, ∀k ∈ K, t ∈ T. (7)
When Xkqr(t) = 1, it is implied that Uk has not dispatched
its carried message by time slot t − 1. Therefore, all Y kij(n)












∀ q ∈ L, r ∈ (b ∪ L\i), k ∈ K, 1 ≤ t < |T |.
(8)
where H is very large number. Similarly, Y kqr(t) = 1 implies
that Uk has already dispatched its carried message by time slot











∀ q ∈ L, r ∈ (b ∪ L\i, k ∈ K, 1 ≤ t < |T |.
(9)
All UAVs meeting at location i and during slot t adjust their
speeds such that they exist at location i before the end of the
slot t by T tx seconds. The reason is that one UAV requires
T tx seconds for receiving the messages from all other UAVs




























the left hand side of equation (10) equals Dij when the UAV
moves between location i and j (i.e. Xkij(t) = 1 or Y
k
ij(t) = 1).
To route a message from each field to the base station, each
UAV Uk associated with a field needs to fly from its initial







(t) = 1, ∀k ∈ K. (11)
All UAVs that deliver their messages to a UAV at a waypoint
and during time slot t return back to their initial locations in
the next time slot. Furthermore, the UAV that receives these
messages during slot t continues its flight to the base station










∀i ∈ L, 1 < t ≤ |T |.
(12)
In addition to the previous two constraints, the following










At any location, all incoming UAVs leave that location in a
subsequent time slots. Hence,∑
n∈L\i
(











∀k ∈ K,∀i ∈ (L ∪ b\k̂), 1 < t ≤ |T |.
(14)
Finally, the Uk needs to return back to its initial location k̂
after delivering its message to the base station or to another






(t) = 1, ∀k ∈ K. (15)
In the following, we derive the value of Qk(t) in term
of Xij(t) and Yij(t) variables. Let QRx(q, j, r, k, k̃, t) be a
binary variable representing the scenario when Uk moves to
location j during slot t and meets another UAV Uk̃ coming
from location q, Uk receives the data from Uk̃ during slot t
and moves to another location r in the next time slot. Hence,
QRx(q, j, r, k, k̃, t) is defined as follows:
QRx(q, j, r, k, k̃, t) =
{
1, X k̃qj(t) +X
k
jr(t+ 1) = 2.
0, Otherwise.
(16)
Accordingly, Uk receives data from another UAV during slot
t when there is a variable QRx(q, j, r, k, k̃, t) = 1. From (16),





≤ QRx(q, j, r, k, k̃, t),
∀q, j ∈ L, r ∈ (L ∪ b), k, k̃ ∈ K, 1 ≤ t < |T |.
(17)
and







∀q, j ∈ L, r ∈ (L ∪ b), k, k̃ ∈ K, 1 ≤ t < |T |.
(18)
Similarly, QTx(q, j, r, k, t) is a binary variable equals one
only when Uk moves from location q to j during slot t, then
it transmits its message to another UAV and returns back
toward its initial location in the next time slot. Therefore,
QTx(q, j, r, k, t) is given by
QTx(q, j, r, k, t) =
{
1, Xkqj(t) + Y
k
jr(t+ 1) = 2.
0, Otherwise. (19)
Accordingly, Uk transmits data during slot t when there is a
variable QTx(q, j, r, k, t) = 1. Hence, we add the following





≤ QTx(q, j, r, k, t),
∀q, r, j ∈ (L ∪ b), k ∈ K, 1 ≤ t < |T |.
(20)
and







∀q, r, j ∈ (L ∪ b), k ∈ K, 1 ≤ t < |T |.
(21)
Qk(t) = 1 only when Uk transmits or receives data during slot





QTx(q, j, r, k, t) +
∑
k̃∈K












QTx(q, j, r, k, t) +
∑
k̃∈K
QRx(q, j, r, k, k̃, t)
)
,
∀k ∈ K, 1 ≤ t < |T |.
(23)
Let the message size of Uk during slot t be Mk(t). Each
UAV collects data from its field and constructs a message of
M bits. Therefore, the message size of Uk during the first time
slot is given by
Mk(1) =M, ∀k ∈ K. (24)
At each waypoint where a group of UAVs meet during a cretin
time slot, one UAV receives messages from all other UAV, and
hence, its message size increases. Moreover, the messages sizes
for the returning UAVs are set to zeros after they forward their
message to a UAV. Therefore, the message size of Uk during
slot t, Mk(t), is given by equation (25). The second term in
right hand side of equation (25) refers to the summation of
total messages sizes of all UAVs that forward their messages
to Uk, where the third term subtracts Mk(t − 1) from Mk(t)
when Uk is returning back, in order to reset Mk(t) to zero.
Let Skj (t) be the time share of data transmission for Uk
when it is located at location j during time slot t. All UAVs
that forward their messages to a receiving UAV at location j
during slot t need to meet each other T x seconds before the end
of tile slot t. Therefore, they share a duration of T x seconds
to complete data transmission to a receiving UAV, i.e.,∑
k∈K
Skj (t) ≤ 1, ∀j ∈ (L ∪ b), t ∈ T. (27)
To set Skj (t) to zero when Uk is not located at location j by




Xkij(t), ∀j ∈ (L ∪ b), k ∈ K, t ∈ T. (28)
When Uk meets a receiving UAV at location j during slot
t, the time share Skj (t) is adjusted such that Uk can transmit




k(t) ≤ R T tx Qk(t) Skj (t),
∀j ∈ (L ∪ b), k ∈ K, 1 < t ≤ |T |.
(29)
To ensure a certain quality of service, all UAVs need to convey
the messages from all fields such that the base station receives
it within T delay seconds. Therefore,∑
i∈L
Xkib(t) t F ≤ T delay, ∀k ∈ K, t ∈ T. (30)
Our objective is to prolonged the life time of the network by
efficiently utilizing UAVs cooperation. Therefore, the objective
is to maximize the minimum battery level for all UAVs by
the end of the service time. Accordingly, we formulate the
optimization problem as follows:
Objective : Maximize :α (31)
Subject to:
Constraints (6-15), (17-18), (20-25) and (27-30).





QTx(i, j, q, k, t), QRx(i, j, q, k, k̃, t) ∈ {0, 1},
∀ i, j, q ∈ L, k, k̃ ∈ K, t ∈ T.
(33)
0 ≤ vk(t) ≤ Vmax, ∀k ∈ K, t ∈ T. (34)
0 ≤ Skj (t) ≤ 1, ∀j ∈ L, k ∈ K, t ∈ T. (35)
IV. PROBLEM REFORMULATION
The formulated problem in Section III is in a form of Mixed
Integer Nonlinear Program (MINLP). Although the problem
is hard to solve, we can linearize the problem and transform
it to a Mixed Integer Liner Program (MILP) where there
are many solvers that can solve this kind of problems effi-
ciently. Hence, we linearize the formulated problem as follows.




k̃(t − 1) and Y kij(t)Mk(t − 1). Moreover, the
product of Y kij(t) and M
k(t−1) causes a nonlinear constraint in
(29). Therefore, we introduce a new variable β(i, j, k, t) which
is defined as follows:
β(i, j, k, t) , Y kij(t)M
k(t− 1). (36)
Then, we add the following constraints:
β(i, j, k, t) ≤ Y kij(t) |K|M,
∀i, j ∈(L ∪ b)), k ∈ K, 1 < t ≤ |T |.
(37)
β(i, j, k, t) ≤Mk(t− 1),






|K|M ≤ β(i, j, k, t),
∀i, j ∈ (L ∪ b), k ∈ K, 1 < t ≤ |T |.
(39)
























∀k ∈ K, 1 < t ≤ |T |.
(25)



















β(i, j, k, t),∀k ∈ K, 1 < t ≤ |T |.
(26)
and
0 ≤ β(i, j, k, t), ∀i, j ∈ (L ∪ b), k ∈ K, 1 < t ≤ |T |. (40)
We also introduce another variable γ(i, j, q, k, k̃, t), which is
given by
γ(i, j, q, k, k̃, t) , Xkij(t) β(j, q, k̃, t). (41)
Then, we add the following constraints to the optimization
problem:
γ(i, j, q, k, k̃, t) ≤ Xkij(t) |K|M,
∀i, j, q ∈ (L ∪ b), k ∈ K, k̃ ∈ K\k, 1 < t ≤ |T |.
(42)
γ(i, j, q, k, k̃, t) ≤ β(j, q, k̃, t),






|K|M ≤ γ(i, j, q, k, k̃, t),
∀i, j, q ∈ (L ∪ b), k ∈ K, k̃ ∈ K\k, 1 < t ≤ |T |.
(44)
and
0 ≤ γ(i, j, q, k, k̃, t),
∀i, j, q ∈ (L ∪ b), k ∈ K, k̃ ∈ K\k, 1 < t ≤ |T |.
(45)
On the other hand, equation (5) and (10) are also nonlinear
due to the multiplication of vk(t) and Qk(t). Moreover, (29)
is nonlinear because Skj (t) is multiplied by Q
k(t). Therefore,
we introduce a variable, θk(t), which is given by
θk(t) , vk(t) Qk(t), ∀k ∈ K, t ∈ T. (46)
Then, we add the following constraints to the optimization
problem:
θk(t) ≤ Vmax Qk(t), ∀k ∈ K, t ∈ T. (47)





Vmax ≤ θk(t), ∀k ∈ K, t ∈ T. (49)
and
0 ≤ θk(t), ∀k ∈ K, t ∈ T. (50)
Similarly, we introduce a variable δkj (t) as follows
δkj (t) , S
k
j (t) Q
k(t), ∀j ∈ L, k ∈ K, t ∈ T. (51)
Furthermore, we add the following constraint to replace Skj (t)
and Qk(t) product by δkj (t):
δkj (t) ≤ Qk(t), ∀j ∈ L, k ∈ K, t ∈ T. (52)





≤ δkj (t), ∀j ∈ L, k ∈ K, t ∈ T. (54)
and
0 ≤ δkj (t), ∀j ∈ L, k ∈ K, t ∈ T. (55)










Finally, we can reformulate our optimization problem as an
MILP as follows:
Objective : Maximize :α (57)
Subject to:
Constraints (6-9), (11-15), (17-18), (20-25), (27-28), (30),
(32-35), (37-40), (42-45), (47-50) and (52-55).∑
q∈L
β(j, q, k, t+ 1) ≤ R T tx δkj (t),










Dij = vk(t)F − θk(t) T tx,
∀k ∈ K, t ∈ T.
(59)
V. SIMULATION RESULTS
In our simulation, We consider 3 UAVs serving 3 IoT fields
that are distributed in a grid of 7 Km by 7 Km. The number
of meeting points are 49, and they are distributed evenly. The
UAV can flay with a maximum speed of 35 m/s, and Phov ,
Pmax and Pidel are 100 W, 400 W and 100 W, respectively.
The transmission rate of the UAV is 20 Mega bits/s. Moreover,
the UAV conveys a message, M , of size 10 Mega bits from
it associated field to the base station or to a relaying UAV.
Furthermore, the maximum allowable delay, T delay, to convey
all messages from all fields to the base station is 8 minutes. The
slot duration, F , is 2 minutes, and T tx is 5 seconds. We utile
CPLEX optimization [16] tool to solve our formulated problem.
Fig. 2 shows the initial locations and and trajectories of UAVs.

























UAV1 to UAV2 during t=2
UAV2 to BS during t=3
BS
UAV2 to Area2 during t=4
UAV3 to Area3 during t=2
UAV3 to BS during t=1
UAV1 to Area1
during t=3
Fig. 2 : UAVs trajectories in scenario 1: Initial battery levels are 25 k J, 100 k
J and 35 k J for UAV1, UAV2, UAV3, respectively.
Given that the initial batteries for UAV1, UAV2, UAV3 are 25
kJ, 100 kJ and 35 kJ, respectively, UAV1 will fly to Area2 to
offload its message to UAV2 during time slot 2 then it will
return back to its original location during time slot 3. This
trajectory is chosen by UAV1 since its battery capacity can
not deliver the message to the BS directly. UAV2 now has
its own message and UAV2’s message and it will deliver them
directly to the BS during time slot 3 since it has enough battery
capacity. Finally, UAV3 will fly directly to the BS during time
slot 1 which is the only available trajectory to it then it will
return back during time slot 2.







































Fig. 3 : UAVs trajectories in scenario 2: Initial battery levels are 100 k J, 200
k J and 100 k J for UAV1, UAV2, UAV3, respectively.
Fig. 3 shows scenario 2 of the UAVs with their initial
locations and movements with time. The battery levels for all
UAVs in scenario 2 starting from the first time slot until all of
them return to their initial locations is shown in Table I. In the
first time slot, UAV2 consumes 24.7 k J to fly from Area 1 to
Area 2 and send its message to UAV1, where UAV1 consumes
500 J for reception while it hovers. In time slot 2, UAV1 goes to
Area 3 to send its messages and UAV2’s message to UAV3, and
UAV2 returns to its initial location. Therefore, the battery levels
for UAV1, UAV2 and UAV3 are updated to according to the
energy consumed due to flying to its initial location, relaying a
message to another UAV and reception of the data from another
UAV, respectively. In the third time slot, UAV1 returns to its
initial location, where UAV3 flies to the base station to send its
message in addition to the other UAVs’ messages. Since UAV2
returns to its location in slot 2, its battery does not change in
slot 3. By time slot 3, UAV1 and UAV2 are located in their
initial locations, and hence, their battery levels remain similar
to the battery levels in slot 3. However, UAV3 battery level
changes in slot 4 to 81.857 k J due to its movement to its
initial location.
TABLE I: Battery Lever per time slot for UAVs in scenario 2 (Kilo Joul).
Initial Slot 1 Slot 2 Slot 3 Slot 4
UAV 1 100 99.5 680.95 371.9 371.9
UAV 2 200 175.256 151.012 151.012 151.012
UAV 3 100 100 99.5 90.428 81.857
VI. CONCLUSION
In this paper, we considered a group of cooperative UAVs
that relay messages from multiple disconnected fields to a base
station. Each UAV is associated with a field where it collects
data and construct a message to be relayed to the base station.
The UAV can goes directly to the base station or meet another
UAV at a meeting point to send its message to a relaying UAV
that conveys the message to the base station or to another UAV.
The UAVs cooperate in forwarding their messages in order to
prolong their lifetimes. Hence, the goal is prolong the life time
of the cooperative UAV by maximizing their minimum battery
level. We formulated the problem mathematically as MINLP,
then we linearized it to facilitate finding a solution for the
formulated problem. Simulation results show how the UAV can
cooperate in message forwarding within a cretin tolerable time
in order to maximize their minimum battery levels.
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